This study reports a three-dimensional (3D) bioprinting technique that is capable of producing a full-thickness skin model containing pigmentation. Multiple layers of fibroblast (FB)-containing collagen hydrogel precursor were printed and crosslinked through neutralization using sodium bicarbonate, constituting the dermal layer.
| INTRODUCTION
The ability to create engineered human skin structure has not only been demanded for therapeutic application in skin repair, grafting and tumor models, but also for creating a platform for toxicity and efficacy testing of topical medications and cosmetics. The complexity and inhomogeneity of skin, such as dermal glands and hair follicles, prohibit the creation of a complete skin structure; however, manufacturing protocols that create a simple full-thickness skin model (ie, having both dermal and epidermal components) are available; for example, the fibroblasts (FBs) are mixed with collagen hydrogel precursor, and then crosslinked to form a composite of FB-containing dermal layer on top of a transmembrane insert. The composite is cultured for a period of a few days to weeks (to allow for the growth of FB), and then, a sterilized containment structure, such as a metal ring, is positioned onto the dermal layer to allow for seeding of keratinocytes (KCs). [1, 2] The constructed tissue is subsequently subjected to air-liquid-interface (ALI) culture, [3] [4] [5] whereby the exposure of the KC to the air induces the differentiation of the KC monolayer into the epidermal layers, thus completing the two major macrostructures of the skin (ie, the dermis and epidermis consisting of basal, spinous, granular and cornified layers).
Modern tissue engineering technology is incrementally unveiling manufacturing techniques for creating rudimentary multilayered tissue structures. Soft lithographic approaches utilize "stamping" of each cell-containing layer based on the creation of layer-specific moulds and stacking of these layers to provide a three-dimensional (3D) shape. [6] [7] [8] [9] [10] These approaches, however, often involve complicated manufacturing processes including the spatially accurate placement of cell-containing tissue layers. 3D bioprinting techniques provide alternatives for construction of various biological structuresof-interest, with benefits of on-demand construction and design
Daejin Min and Wonhye Lee had equal contributions modification. Summarized elsewhere, [11] 3D bioprinting creates complicated cell-embedded scaffold materials, mostly in the forms of hydrogel or biodegradable scaffolds, in a layer-by-layer fashion.
Capitalizing upon ability to manufacture the 3D structures in an on-demand fashion, bioprinting has been applied to create various biomimetic structures, such as fluidic channels, [12] vascular-like structures, [13, 14] growth factor-releasing matrices, [15] 3D neural tissues, [16] and tumor cell-bearing tissues for angiogenesis models. [17] With potentials for standardized high-throughput production, 3D bioprinting is gaining momentum in tissue engineering as well as regenerative medicine. [11] For the application of 3D bioprinting to create biomimetic skin structures, several groups have shown that distinct collagen layers that contain FB and KC can be printed in an on-demand fashion.
For example, the hydrogel precursors were printed in a liquid form, and subsequently crosslinked prior to printing the next layer, with an option to have biological cells embedded in each layer. The resulting multilayered hydrogel composites had a degree of mechanical rigidity while having the printed cells kept in each layer at a designated depth. [18] Immortalized KCs (HaCaT) were also printed and subsequently cultured with ALI to show the stratum corneum (SC)-like structure; [19] however, the use of immortalized KCs, which were printed inside of the collagen layer, might interfere with the proper differentiation of the KC (and incomplete stratification of the epidermis). The laser-induced forward transfer (ie, laser-jetting)
technique has been used to generate collagen tissue blocks having layered HaCaT and murine FB (NIH-3T3), however, without undergoing an ALI culture. [20, 21] Rimann and colleagues have shown layerby-layer bioprinting of photo-crosslinkable (via ultraviolet light) polyethylene glycol (PEG)-based biomaterial containing human primary FB, which formed a dermal structure; [22] however, the KCs were manually seeded on top of the dermal layer (instead of being printed).
In spite of these fundamental works, construction of a biomimetic in vitro platform which incorporates pigmentation, one of rudimentary features of skin, has not been demonstrated through bioprinting. The creation of a full-thickness skin model with pigmentation would serve as a fundamental tool for the functional control/assessment of skin pigmentation. Therefore, we were motivated to develop on-demand freeform bioprinting protocol for creating biomimetic skin model that contains melanocytes (MCs), and intend to demonstrate the development of epidermal pigmentation, resembling skin blemishes (ie, ephelides/freckles).
| MATERIALS AND METHODS

| Cell culture and preparation
All cells, culture media and supplements were purchased from Cascade Biologics (Portland, OR, USA). Penicillin/streptomycin was purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
Human dermal fibroblasts (FBs, neonatal, C-004-5C), human epidermal keratinocytes (KCs, neonatal, C-001-5C) and human epidermal melanocytes (MCs, HEMn-DP, darkly pigmented neonatal, C-202-5C) were used. According to the vendor instruction, FBs, KCs and MCs were cultured in M106 media (M-106-500) with low serum growth supplement (LGSG), in EpiLife media (M-EPICF-500) with human keratinocyte growth supplement (HKGS), and in M254 media having human melanocyte growth supplement-2 (HMG-2), respectively.
The cells were cultured in the conventional culture condition (37°C, 5% CO 2 ). FB and MC were harvested at passage five, and KCs were harvested at passage 2 or 3. The cells were detached using Accutase (AT104, Innovative Cell Technologies, San Diego, CA, USA) after phosphate-buffered saline (PBS) washing, and then suspended in their respective culture media with a specific concentration for the printing (see the following Methods sections).
| Biomimetic skin printing without MC
The schematics of the printing biomimetic skins are shown in Figure 1 .
Each layer consisted of either filled or unfilled square patterns (dimension of each pattern is also indicated in the Figure 1 ; not in scale).
The detailed operating principles and parameters for the bioprinter are found elsewhere, [18, 23, 24] and only a brief description of the bio- 
| Printing biomimetic skin containing MC
The MCs were prepared with a concentration of 2.0×10 7 cells/mL in the MC media. The dermal equivalent structure was printed and prepared using the same protocol as the biomimetic skin. Before printing the MC, FB media was removed from the culture well having the dermal equivalent composite. Then, the MC printing (using a pressure of 2.5 psi and a valve opening duration of 700 μs) was conducted with two different configurations. In one configuration, the MCs were printed on the middle top surface (6×6 mm 2 square area at a resolution of 300 μm; resulting in a ratio of KC:MC=1:3) of the collagen scaffold ( Figure 1H ). In the other, we printed the MC onto a single spot 10 times on the top centre of the scaffold ( Figure 1I 
| Sample preparation and histological staining
Unfixed printed skin constructs were embedded in a resin (Shandon™ 
| RESULTS
| Biomimetic skin without the MC
The printed skin constructs were well maintained without the sign of contraction throughout the culture period (taken at the end of the ALI, Figure 2A ). The bright-field microscopic images of different layers that were taken before ALI culture showed that both FB and KC were distributed in the dermal layer ( Figure 2B ) and surface ( Figure 2C ).
The sectional image of the biomimetic skin, as evident from the H&E ( Figure 2D ), showed a distinct dermal and epidermal layers, and welldifferentiated formation of the SC. The vimentin IHC revealed the location of FB in the dermal layer ( Figure 2E ). We note that rather small number of FBs were shown in the histological cross sections in Figure 2E compared to that in Figure 2B . We believe that differ- 
| Biomimetic skin model containing MC for Pigmentation & Spot models
The MC printed on the surface of the dermal layer started to show light pigmentation ( Figure 3A ,B) via visual inspection following 4 days of culture. After the ALI culture, multiple clusters of dark pigmentation started to be visible across the square in the "MC area model"
( Figure 3C ), while the ring-like focal distribution of pigmentation was visible in the "MC spot model" ( Figure 3D ). Bright-field microscopic images, taken after ALI culture, showed that these pigmented clusters grossly resembled the naevus-like morphology in the MC area model ( Figure 3C ). In the MC spot model ( Figure 3D ), epidermal pigmentation was observed in an annular form. These pigmented areas seem to expand their sizes through ALI culture ( Figure 3A vs C, and Figure 3B F I G U R E 2 Structural and histological examination of biomimetic skin without MC. (A) The macroscopic appearance of the printed biomimetic skins without the MC (scale bar=5 mm) and its bright-field microscopic images of (B) FB and (C) KC layers (scale bar=100 μm). Microscopic cross-sectional images of the printed biomimetic skin after the ALI culture are shown with (D) H&E (E) vimentin, (F) Ki-67, (G) keratin-10, (H) loricrin and (I) desmocollin-1 histological staining (scale bar=50 μm). Haematoxylin was used as the counterstaining for vimentin, keratin-10, and loricrin. For Ki-67 and desmocollin-1, the counterstaining was done using nuclear fast red the epidermal KC. [25] In Figure 3G ,H we note that KC-specific staining was not performed at the same locations of the melan-A staining.
Although Figure 3E -i, ii and F-iii showed the sign of typical KC morphology within/around MC/KC cluster(s), more rigorous and careful staining strategy is warranted to reveal underlying cellular composition such as the coexistence of the MC and KC.
| DISCUSSION
In the present study, we introduced a bioprinting approach to construct a full-thickness biomimetic skin structure that contains MC at the epidermal layer that showed visible pigmentation. Several technical modifications compared to our previous works were made to produce biomimetic skin. First, we used normal adult human primary KC (instead of previous HaCaT [19] ), and collagen rim structure that was built on the printed dermal layer to allow for the secure placement and growth of printed KC. The cross-sectional image of the bioprinted skin, as evident from the H&E (Figure 2D ), showed distinct dermal and epidermal layers, and well-differentiated formation of SC. The IHC also supported the major developmental and structural characteristics of epidermis as well as distinct basal layer structure at the dermal-epidermal junction (DEJ), which shows structural and histological similarities with human skin. We believe that transmission electron microscopy (TEM) would be needed to provide unequivocal evidence of basal lamina formation. Inclusion of skin biopsy sample(s)
for histological comparisons between the constructed biomimetic skin models would reveal more detailed information on underlying cellular structures and constitute subjects for further investigation.
The printed skin constructs were well maintained without the sign of physical contraction throughout the culture period (taken at the end of the ALI, Figs. 2A, 3C,D) . The contraction of FB-seeded collagen block (prepared by manual methods), which was reported previously, [19] is associated with the dermal remodelling, including collagen production, by the FB. [26] It is worth noting that the present observation shares similarities with our previous work (including the culture of printed dermal structures in FB media over 7 days) [19] and
Rimann's, [22] whereby the multilayered skin structure did not show any shrinkage over the 2-3 weeks of culture period. Although electron microscopic examination of the layer would be needed to reveal the mechanism behind our observation, we conjecture that multilayered, planar sheet of FB-containing hydrogel and its mutual microscopic sheer absorbed the force generated by the production of collagen fibres (and other ECM materials) between the layers of collagen.
As most of the existing skin pigmentation models (commercially available MatTek and Episkin, Lyon, France) have relied on the seeding of MC directly onto the porous non-collagen membrane and subsequent coculture with KC, a full-thickness skin model incorporating the MC has been warranted. Li and colleagues (2011), [27] . [1] We demonstrated that the MC-containing full-thickness biomimetic skin, having distinct epidermal layers, is achievable by 3D
bioprinting, all without external UV or chemical stimuli. We conjecture that the use of high MC density (ie, 2.0×10 7 cells/mL suspension vs 0.8×10 6 cells/mL in Li et al. [27] ), combined with additional time period (4 days) for MC to grow on the printed dermal layer (before printing the KC), might have contributed to production of melanin and consequent visible pigmentation. However, this hypothesis is not yet fully supported by the data from the present study, which warrants further systematic investigations, for example, by studying the effects of variations in MC densities as well as culture periods.
We found that many MC showed the dendrites in the lower portion of the epidermis ( Figure 3H , in arrowheads), which indicates the survival and proliferation of MC in the epidermal layer like real human skin. To our knowledge, it was the first demonstration of dendritic formation of the MC. Melanin produced by MC was accumulated at KC interface ( Figure 3G ,H), which also resembles the native skin. It is, however, interesting to note that the pigmentation appeared in rather freckle/lentigo-like morphology instead of more uniform skin colouring. This shared a degree of similarity with the previous example of skin pigmentation based on the manual construction of full-thickness skin model. [2] Epidermal pigmentation is a complex process that begins from melanin production by the MC and subsequent transfer to surrounding KC via melanosome. The amount and number of melanin-containing vesicles and their transfer, along with the degree of differentiation/ interactions with KC, are known to affect the skin pigmentation. [25] In addition, complicated functional interplays between FB/KC/MC, for example, through cell-to-cell/cell-to-ECM interactions, determine their proliferation and growth for melanin production. [28, 29] Hence, we conjecture that the clustered, non-uniform pigmentation was due to the interactions between the MC and the surrounding KC, as well as subsequent non-uniform production of melanin. To create a uniform skin colouring, control of cell density of the printed MC may help to create an even spatial distribution of MC. Nonetheless, we believe that the current printing protocol might have utility in creation of the skin model that mimics the skin blemishes (ie, freckles/ephelides). Further study is necessary to reveal the detailed KC-MC interactions. In addition, while the exact physiological mechanism is difficult to ascertain from our study, FB-MC interactions, which seems to play an important role in skin pigmentation [2] and melanoma invasion, [30] [31] [32] are considered important and require further investigation.
The printed MC onto a single location (ie, the MC spot model) cre- works, [16, 18, 19] will be able to address this requirement through our future studies. We also believe that ability to construct MC-containing biomimetic skin would be extended to melanoma research, whereby 3D organotypic model containing melanoma has been gainfully used to study tumor infiltration with the possibility of in vitro anticancer drug testing by Vörsmann and colleagues (2013). [33] The culture media condition is important for proper proliferation and differentiation of the cells. For example, the low calcium environment with the absence of serum favours the growth of KC (ie, proliferation) while FBs require both calcium-and serum-rich environments for adequate growth. [34] Other factors may also play important roles in KC proliferation/differentiation (eg, lowering the incubation temperature induces a premature differentiation of KC). [34] A rather limited number of printed structures presented in this study did not allow for performing meaningful statistical analysis.
Further work is therefore needed to compare and optimize the printing parameters, as well as to examine the reproducibility of printing skin-equivalent tissue composites. As 3D bioprinting can potentially confer the ability to create in vitro skin structures on-demand in a high-throughput fashion, the comparison/evaluation of the printed structures (either in multiple copies or in different cellular compositions) is desired. To print multiple skin-equivalent structures with more complex geometries or different cell compositions, a type of mechanical fixture on the printing platform that accurately reposition a specific printing target (such as a 6-well plate) is needed, as our current method (ie, markings on the printing platform) may suffer from lack of spatial precision.
Although the bioprinting produced an organized skin layer structure, creation of more complicated physiological morphology, for example, highly convoluted rete ridge in the DEJ or skin wrinkle, would be challenging as the current bioprinting resolution is limited to few hundreds of micrometres. [18] In addition, as the printing utilizes several modes of cells/materials printing, for example, inkjet, [35] or microvalvebased pneumatic dispensing, [13, 23] accommodation of dispensing various materials in a controllable quantity, potentially covering wide ranges of material viscosities, would be needed to improve the spatial resolutions in bioprinting. The novel cell dispensing techniques, such as laser-induced forward transfer of cells and extracellular materials, [20, 21, 36] are especially conducive to increasing the spatial resolution of the printing. Combination of bioprinting with existing tissue engineering techniques such as conventional soft lithographic approaches will expand the complexity of the skin models. The adaptation of 3D
bioprinting that is compatible with these techniques is needed to further increase the flexibility in tissue manufacturing protocols.
The on-demand production of biomimetic skin, as mediated by 3D
bioprinting, may help to provide the platform for creating skin grafts for treatment of burn victims, whereby the optimal usage of autologous skin cells (ie, in terms of cell harvest and the tailored formation of its 3D shape to cover the wounds) is crucial for rapid transplantation. On a similar note, the printing of immune cells (eg, lymphocytes) during constructing biomimetic skin may provide intriguing models for investigating/predicting immune responses in various scenarios such as lupus dermatitis [37, 38] or facial transplantation. [39, 40] 3D bioprinting may also provide flexibility in creating melanoma models as currently available in vitro tumor models are surprisingly underdeveloped in terms of their structural complexity, and greatly oversimplify the pathophysiology of tumors. [41] [42] [43] 3D bioprinting, in this sense, can further accelerate the field of "tumor engineering"
(ie, tailored manufacturing of in vitro tumor structures for diagnostic and therapeutic purposes). It would provide new opportunity in the study of pathophysiology of patient-derived cancer, and optimization of treatment protocols (modalities and dosage). [44] For example, the patient-specific melanoma cells, derived from surgical excision, can be printed in different structural configurations, perhaps with cancer-associated fibroblasts (CAF) [45] or stromal cells, to assess their invasiveness and the responsiveness to chemo-or radiation therapy. The construction of biomimetic skin over the vascular network (containing vascular-like perfusion channels underneath the dermal layer), [14] and its integration to a bioreactor that can support long-term culture (at least 2 months) and monitoring would help to further elucidate the complicated normal and abnormal skin physiology.
